Plant Development and Harvest Yields of Greenhouse
Tomatoes in Six Organic Growing Systems Problems concerning the environmental impact of agriculture have led to a reassessment of the conventional practices used since the 1940s, and a renewed interest by growers in organic farming began during the 1980s. Consumer interest has also increased dramatically, both for health and environmental reasons (Greene, 2000; Lampkin, 1990; Uri, 1999) . Since 1996, surveys of natural food wholesalers and retailers indicated that organic produce sales had increased ≈20% yearly (Dimitri and Richman, 2000; Greene, 2001; Greene et al., 2001) . Certified organic produce typically commands a higher price than conventionally grown produce. A recent survey of North Carolina-based natural food retailers and wholesalers indicated that buyers were willing to pay up to 25% more for organically grown vegetables (Estes et al., 1999) .
As a result of all these factors, an increasing number of growers are considering the use of, or are already employing, organic production methods. Barriers to organic certification are particularly high for greenhouse vegetable growers because virtually no technical information is available. Practices used by an experienced greenhouse organic grower to grow plants in soil have been documented (Grubinger, 1999) , but specific practices for injecting fertilizer in the drip irrigation lines were not adequately described. Several grower-formulated mixtures for organic transplant production have been described (Smith, 1994) , but there is little or no documentation on how to prepare organic mixes for recirculating hydroponic systems or how to add composts to soilless media used for crop production. Compost teas can be used for drip irrigation in certified organic production. However, in a manual describing the use of compost teas, Ingram and Alms (1999) describe work on compost teas as being in its infancy. The beneficial effects of compost teas were demonstrated, but most testing was conducted by trial and error. This is also true of studies using organic composts as ingredients in potting mixes and in many cases, media and waste characteristics were not reported in detail. In Germany, effluent from a fish farming unit was brought into a hydroponic cucumber (Cucumis sativus L.) and tomato greenhouse as a substitute for some of the normal fertilization (Drews and Rennert, 1992) . In this study, the amount of fertilizer added to the hydroponic system was reduced by 16% for N, 14% for P, and 12% for K.
Although a few examples of the successful use of organic materials in greenhouse vegetable production have been documented, it is hard to extrapolate findings to other crops and media. Broiler litter has been tested as a potting component for lettuce (Lactuca sativa L.) (Flynn et al., 1995) . There are also examples where system components were well described. Tyler et al. (1993a Tyler et al. ( , 1993b , Kraus et al. (2000) , and Kraus and Warren (2000) conducted a series of studies of the effects of composted poultry litter on growth of containerized nursery crops. These studies described the chemical and physical characteristics of litter when combined with a pine bark substrate. However, as nursery crops grow more slowly than tomato crops, their results cannot be directly applied to a greenhouse tomato production system.
Since there are no generally accepted recommendations or guidelines specifically for organic production of greenhouse tomatoes, this study was designed as a systems research project. As such, management practices for each growing season utilized information gathered from the previous growing season(s) to optimize practices for each system. The objectives of this study were to discover methods to produce healthy and productive tomato plants using flowable organic fertilizers, determine formulations for such fertilizers, and develop an organic growing medium that promotes healthy and productive tomato plants. The goal of this research project was to develop a certifiable organic regimen for growing greenhouse tomatoes that would be comparable with those grown conventionally with regard to production methods, as well as nutritional status in leaf tissue, plant development, and harvest yields.
Materials and Methods
The greenhouse tomato ʻGraceʼ was used in all treatments for all growing seasons. Side-by-side greenhouse compartments were randomly assigned before each growing season to organic (OG) or conventional (CV) . Each was equipped with a Modine gas heater and was vented by a two-speed fan. Cooling was achieved with an evaporative pad system. Cultural management such as staking, pruning suckers, and pollination was similar in each greenhouse. Plants were staked when they were ≈0.7 m (2 ft) tall using twine suspended from overhead wires. Suckers were pruned on a weekly basis or more if necessary. Plants were pollinated with a mechanical vibrator every day between 11:00 AM and 2:00 PM. Heating, cooling, venting, and fertigation were controlled in each greenhouse with GEM software (Q-Com, Irvine, Calif.). Temperature and relative humidity data were recorded at 15-min intervals throughout the experiment. The heating/cooling set points were: heat-when daytime temperature was <24 °C (75 °F), and when nighttime temperature was <18 °C (65 °F); vents-low speed when daytime temperature reached 28 °C (82 °F) and high speed when daytime temperature reached 31 °C (87 °F); and cooling pads when daytime temperature reached 33 °C (92 °F). Plants were fertigated in four cycles daily using 1.89 L·h -1 (0.5 gph) emitters. They received 0.89 L/plant (0.24 gal/plant) daily in Stage 1: transplant to fruit set on the first cluster; 1.2 L/plant (0.32 gal/plant) daily in Stage 2: fruit set on the first through fifth clusters, and 1.77 L/plant (0.47 gal/plant) daily in Stage 3: fruit set on the fifth cluster to the end of the crop (Abbott et al., 1986) .
Tomato plants were grown in 18.9-L (5-gal) upright plastic bags, one plant per bag, and arranged in four rows of eight plants each. Two OG fertilizers and two OG substrates were tested during each growing season in a split plot design of media treatments within each fertilizer treatment. The flowable fertilizers and rates were consistent for all three growing seasons. The substrates and amendments varied with each season. Because fertilizers were injected into the irrigation system, specific OG fertilizers were assigned to either the east or west irrigation tube, and could not easily or practically be randomized among plants within the greenhouse. However, they were randomized among seasons. Media treatments were randomized within fertilizer treatments.
FEATURE FEATURE

Organic substrates and fertilizers
Organic substrates were tested with various amendments in each growing season. In F98, organic medium 1 (OM1) was 85% Fafardʼs Special Organic Mix (Fafard, Anderson, S.C.), a peat/pine bark (P/PB) commercial mix modified to omit the "starter nutrients" and the wetting agent, which are not allowed in organic production, and 15% by volume Vermicycle (Vermicycle Organics, Charlotte, N.C.) worm compost. Natural Wet (J.H. Biotech, Ventura, Calif.), an organically certified wetting agent, was added to this substrate at a rate of 2 tablespoons/gal, (1 fl oz/gal, 7.9 mL·L -1 ). OM2 contained a substrate (C/PB) of 63% Scottʼs 366 (Scotts, Marysville, Ohio) coconut coir and 22% composted pine bark to which 15% Vermicycle worm compost was added. All substrates were amended with dolomitic limestone. An initial nutrient charge was provided from blood meal, 12N-0P-0K; bone meal, 0N-4.84P-0K, and potassium sulfate (K 2 SO 4 ), 0N-0P-41.5K. In S99, OM3 and OM4 consisted of the same substrates as OM1 and OM2, respectively but the amendments were reduced. In F99, the OM1 substrate was tested with (OM5) and without (OM6) the addition of Vermicycle. The nutritional amendments were unchanged from S99. However, due to high media pH in previous growing seasons, dolomitic limestone was omitted for this growing season and elemental sulfur (S) was used instead. OG media treatments and abbreviations are summarized in Table 1 .
Two liquid organic fertilizers were tested. Earth Juice [(EJ), Greenfire, Chico, Calif.] was available in five formulations, termed "Grow," "Bloom," "Catalyst," "Micro-Burst," and "Meta-K." "Grow" has an analysis of 2N-0.44P-0.83K, and is comprised of bat guano, Norwegian sea kelp, natural sulfate of potash, feather meal, oat bran, blood meal, and steamed bone meal. "Bloom" has an analysis of 0N-1.3P-0.83K and contains bat guano, Chilean seabird guano, Norwegian sea kelp, natural sulfate of potash, steamed bone meal, oat bran, and rock phosphate. "Catalyst" is used to stimulate and enhance microbial activity. It has an analysis of 0.03N-0.0044P-0.083K, and consists of oat bran, kelp, wheat malt, molas- ses, and yeast. "Micro-Burst" supplies 5% Mg, 0.02% boron (B), 0.05% copper (Cu), 0.2% iron (Fe), 0.1% manganese (Mn), and 0.15% zinc (Zn), and is derived from kelp meal, The level of nitrogen (N) was supplemented with 19% N from poultry compost tea and pasteurized blood meal. Levels of K were supplemented with K-9, which is 7.47% K from seaweed. Organic forms of trace minerals as 6% B, 6% Fe, 6% Mg, and 6% Ca were also available in MG products.
Conventional substrates and fertilizers
Tomatoes were grown conventionally in each growing season to represent typical greenhouse production. Fertilization and substrate practices in CV followed guidelines for "bag culture" of tomatoes as described by Carpenter (1982) . For all growing seasons, the conventional growing medium was Southlandʼs SI-1 (Southland, Greensboro, N.C.), a peat/perlite/vermiculite blend containing a "starter" nutrient charge to which composted pine bark was added at a rate of 50% by volume. For each growing season, the CV substrate was amended with the same amount of limestone as was added to the organic substrate.
The CV fertilizer used was "Chem-Gro" (HydroGardens, Colorado Springs, Colo.), supplemented with Ca(NO 3 ) 2 , CaCl 2 , KNO 3 , and MgSO 4 . All fertilizers were formulated to provide 90N-45P-195K for stage 1; 125N-45P-195K for stage 2; and 165N-45P-310K for stage 3 (Abbott et al., 1986) . Table 2 lists the fertilizer formulations used in all treatments.
Data collection and analysis
Tissue and media samples were submitted to the North Carolina Dept. of Agriculture (NCDA) to monitor the nutritional status of the plants throughout the growing seasons. Tissue samples were collected by removing the fifth fully expanded leaf from the tops of eight plants from each treatment. Media samples were collected by thoroughly mixing media cores from eight grow bags in each treatment. Samples were collected at three times each season, ≈4, 8, and 12 weeks after transplant. Additionally, pour-through medium extractions were conducted using a modified Virginia Tech Extraction Method (VTEM) procedure (Wright, 1986) to provide an immediate, on-site assessment.
The VTEM procedure was modified to accommodate the growth habit of greenhouse tomatoes. All plants were set in saucers on concrete blocks. A hole was made in each saucer. The grow bags were completely saturated by watering from the top. When the solution stopped dripping out of the bottom, the plants were fertigated. Thirty minutes after fertigation, 0.95 L (1 qt) of water was poured onto the surface of the growing medium. A container was placed under the holes in the saucers to catch the leachate, which was then measured for pH (pHep pH meter, Hanna Instruments, Woonsocket, R.I.) and electrical conductivity (EC) (DiST WP4 EC meter, Hanna Instruments). Fig. 1 depicts the modified pour-through system.
The rate of plant development was measured by the number of days from seeding to the appearance of the first fully reflexed flower, one of the flowering response criteria described by Picken et al. (1985) . Plant development data were collected on the first six clusters of all plants. Harvest yields were determined by the weight per plant of total harvested fruit and No.1 quality fruit only, as well as the percentage of No.1 quality fruit harvested for each greenhouse. Marketable fruit (No. 1) were those that were >180 g (6.35 oz.) and without visible defects. Due to incomplete data for the initial harvest of F98, analyses of harvest parameters were based on data collected on all tomatoes from the second through fourth cluster for each greenhouse and growing season.
It was possible to compare OG fertilizers among growing seasons and OG fertilizer × media interactions within seasons using a combined analysis. This analysis was conducted on nutritional status of tissue, media solution pH and EC, plant development, and harvest yields using GLM (SAS Institute, Cary, N.C.). Within season data means and standard error bars are reported for each system. Error bars reflect within system and within season variation and should not be used to compare the OG and CV systems. Reported effects of OG vs. CV growing systems are qualitative observations.
Results and Discussion
Pour-through media extraction
Media solution pH. Media solution pH values are depicted in Fig. 2 . In F98 and S99, there was a significant effect of OG grow-
